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Short ArticleACAP1 Promotes Endocytic Recycling
by Recognizing Recycling Sorting Signals
compartment of the early endosome, also known as
the recycling endosome (Gruenberg, 2001; Maxfield and
McGraw, 2004).
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cis-acting sequences, known as sorting signals, in the2 Division of Cell Biology
cytoplasmic domain of cargo proteins (Bonifacino andNetherlands Cancer Institute
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GTPases regulates coat proteins and their adaptors byPavillon CHUL
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membranes (Donaldson and Jackson, 2000; RandazzoQuebec G1V4G2
et al., 2000). The prototypic member, ARF1, has beenCanada
shown to regulate transport pathways within and those
that emanate from the Golgi complex by recruiting differ-
ent coat complexes, including COPI and differentSummary
adaptins associated with the clathrin coat complex,
such as AP1, AP3, and AP4. Sar1p, an ARF-like protein,Cargo sorting that promotes the transport of cargo
has been shown to regulate transport from the endo-proteins from a membrane compartment has been pre-
plasmic reticulum (ER) by recruiting COPII. ARF6 hasdicted to be unlikely in the endocytic recycling path-
been shown to regulate endocytic transport, both inter-ways. We now show that ACAP1 binds specifically
nalization from the plasma membrane and recyclingand directly to recycling cargo proteins. Reducing this
from endosomes (D’Souza-Schorey et al., 1995), butinteraction for TfR inhibits its recycling. Moreover,
how it modulates cargo sorting in these transport path-ACAP1 binds to two distinct phenylalanine-based se-
ways remains unclear.quences in the cytoplasmic domain of TfR that function
The GTPase cycle of ARF is regulated by two sets ofas recycling sorting signals to promote its transport from
regulators (Donaldson and Jackson, 2000; Randazzo et
the recycling endosome. Taken together, these findings
al., 2000). Activation of ARF that instigates coat recruit-
indicate that ACAP1 promotes cargo sorting by recog- ment is achieved by the exchange of GDP for GTP on
nizing recycling sorting signals. ARF. This process is catalyzed by guanine nucleotide
exchange factors (GEFs). Subsequently, the hydrolysis
Introduction of GTP to GDP on ARF results in its deactivation. This
process is catalyzed by GTPase-activating proteins
Endocytic recycling is critical for many cellular events, (GAPs). The better characterized GAPs, such as Sec23p
including nutrient uptake, cell polarity, cell motility, sig- that acts on Sar1p and ARFGAP1 that acts on ARF1,
nal transduction, and phagocytosis (Gruenberg, 2001; have been shown to function not only as negative regula-
Maxfield and McGraw, 2004; Mellman, 2000). Yet, how tors of their small GTPases, but also as effectors to
proteins are sorted in the endocytic recycling pathways promote cargo sorting (Kuehn et al., 1998; Yang et al.,
remains poorly understood. Upon internalization from 2002). Taking advantage of this insight, we now show
the plasma membrane, proteins and membranes are that ACAP1, a previously identified GAP for ARF6 (Jack-
first transported to a sorting compartment of the early son et al., 2000), promotes cargo sorting to enhance
endosome, also known as the sorting endosome. Here, TfR recycling from the recycling endosome.
they can be sorted to the late endosome for eventual
transport to the lysosome, or they can be recycled to Results
the plasma membrane, either by a direct pathway or an
indirect pathway that involves transit through a recycling ACAP1 Interacts with Recycling Cargo Proteins
At its core, cargo sorting involves trans-acting factors
binding to the cytoplasmic domain of cargo proteins to*Correspondence: vhsu@rics.bwh.harvard.edu
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ACAP1 Functions in Recycling
during Endocytic Transport
As endocytic recycling involved internalization from the
plasma membrane followed by recycling from the endo-
somes, we next determined whether ACAP1 functioned
selectively in one of these pathways. As transiently ex-
pressed ACAP1 had a significant cytosolic pool, we per-
meabilized the ACAP1-transfected cells before fixation
to leak out the cytosol, so that membrane distributions
could be more readily detected. This procedure revealed
a compact distribution for ACAP1, which colocalized
with the pericentriolar pool of TfR that marks the recy-
cling endosome, but not with mannose-6-phosphate re-
ceptor (MPR), which marks the late endosome, Lamp1,
which marks both the late endosome and the lysosome,
or giantin, which marks the Golgi complex (Figure 2A).
Thus, ACAP1 was likely to function in recycling from
endosomes rather than in internalization from the
plasma membrane.
Figure 1. ACAP1 Interacts Specifically with Recycling Cargo Pro-
As confirmation and also to examine the behaviorteins
of endogenous ACAP1, we examined the interaction(A) HeLa cells were transiently transfected with different ARF6 GAPs
between ACAP1 and TfR in untransfected cells duringas indicated or mock transfected (control). After lysis with a Tx-100
TfR recycling. Biotinylated transferrin (Tf) was added tobuffer, cell lysates were then immunoblotted directly for either cargo
proteins or GAPs as indicated (Lys lanes) or immunoprecipitated HeLa cells at 4C for binding to surface TfR. After wash-
for cargo proteins and then immunoblotted for different GAPs as ing away excess unbound Tf, cells were warmed for 15
indicated (IP lanes). min to restore transport for the internalization of surface
(B) The cytoplasmic domain of different cargo proteins as indicated
Tf to endosomes. Cells were lysed and then incubatedwere fused to GST and then gathered onto glutathione beads for
with streptavidin beads to pull down only the pool ofincubation with different recombinant ARF6 GAPs as indicated. After
TfR associated with Tf, followed by immunoblotting forthe pull-down, beads were then analyzed by immunoblotting for the
different GAPs or Coomassie blue staining to assess the relative ACAP1. Endogenous ACAP1 was found to associate
level of GST fusion proteins analyzed. only with endosomal TfR but not the surface pool (Fig-
ure 2B).
To show that this interaction promoted TfR recycling,promote the transport of cargo proteins from a mem-
we examined the effect of reducing the interaction bybrane compartment. Thus, as ARF6 regulates endocytic
knocking down ACAP1. Expressing small interfering RNArecycling (D’Souza-Schorey et al., 1995; Peters et al.,
(siRNA) through a plasmid-based expression system1995), and GAPs for Sar1p and ARF1 have been shown
(Brummelkamp et al., 2002), we successfully knockedto function in cargo sorting (Kuehn et al., 1998; Yang et
down both endogenous and transiently overexpressedal., 2002), we initially sought to determine whether any
ACAP1 (Figure 2C). Examination of targeted cells re-of the currently known GAPs for ARF6 interacted specifi-
vealed that TfR recycling from the pericentriolar recy-cally with recycling cargo proteins. To facilitate the
cling endosome was inhibited, while TfR internalizationscreening, we first examined the various GAPs as epi-
to this compartment was not affected (Figure 2D), indi-tope-tagged forms by transient transfection in HeLa
cating that endogenous ACAP1 promoted TfR recycling.cells. Coprecipitation studies revealed that ACAP1 inter-
acted specifically with two recycling cargo proteins, TfR
and cellubrevin (Cbv), but not with Lamp1 as a control ACAP1 Binds to Sorting Signals that Promote TfR
Recycling from the Recycling Endosomecargo protein that was transported to the lysosome (Fig-
ure 1A). As further control, similar coprecipitation stud- To provide more definitive evidence that ACAP1 func-
tioned in cargo sorting, we next determined whetheries using cells that overexpressed either ACAP2 or PAP
did not reveal a similar interaction with the recycling the sequence(s) in TfR bound by ACAP1 represented
recycling sorting signal(s). The cytoplasmic domain ofcargo proteins.
To test whether the observed interactions for ACAP1 TfR was initially subjected to serial truncations (Figure
3A), fused to GST on beads, and then examined forwere direct, we appended the cytoplasmic domains of
the recycling proteins to glutathione-s-transferase (GST) binding to soluble recombinant ACAP1. Deleting ap-
proximately 10 amino acids at a time from the membraneand then gathered these GST fusion proteins onto gluta-
thione beads for incubation with recombinant ACAP1. proximal end, we found that the first 19 residues from
the amino terminus of TfR (N19) still bound ACAP1, butACAP1 was found to bind to the cytoplasmic domain
of TfR or Cbv (Figure 1B), but not that of a control cargo the first 9 residues did not (Figure 3B). Performing ala-
nine-scanning mutagenesis on residues 10 through 19protein such as ERGIC53, indicating a specific direct
interaction between ACAP1 and the cytoplasmic domain on the N19 truncation mutant and examining their bind-
ing to ACAP1, we found residues 12 and 13 to be criticalof recycling cargo proteins. Similar experiments using
purified recombinant ACAP2 or PAP did not reveal any for this binding (Figure 3C). Surprisingly, however, when
these two residues were mutated in the context of thesignificant binding.
Cargo Sorting by ACAP1
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Figure 2. ACAP1 Functions Specifically in
Endocytic Recycling
(A) Membrane bound ACAP1 localizes to the
pericentriolar recycling endosome. HeLa
cells were transiently transfected with Flag-
tagged ACAP1, permeabilized to leak out cy-
tosolic ACAP1, and then fixed. Colocalization
of membrane bound ACAP1 (red) with differ-
ent markers (green) as indicated was per-
formed using confocal microscopy. Scale bar
equals 10 m.
(B) Endogenous ACAP1 interacts only with
the endosomal pool of TfR. Biotinylated Tf
was added to HeLa cells and then allowed to
internalize for 15 min (internal pool) or not
(surface pool). As control, no Tf was added
to cells. Cells were then lysed with a Triton-
X-100 buffer and the lysate was incubated
with streptavidin beads followed by immu-
noblotting for ACAP1 and TfR. More surface
TfR was analyzed to rule out association
with ACAP1.
(C) Knockdown of ACAP1 by siRNA. HeLa
cells, transiently transfected with a recombi-
nant plasmid that expresses either siRNA
specific for ACAP1 or empty plasmid (mock)
or cotransfected with ACAP1 were assessed
for the level of ACAP1 by Western blotting.
(D) Knockdown of ACAP1 inhibits TfR recy-
cling. Tf was bound to HeLa cells transiently
cotransfected with the recombinant plasmid
for siRNA expression and a GFP-expressing
plasmid and then allowed to internalize. The
number of GFP-expressing cells with peri-
centriolar Tf at times indicated was deter-
mined and then expressed as a percentage of
that at 15 min which had the maximal number.
The mean of three separate experiments with
standard error is shown.
full-length cytoplasmic domain of TfR, binding to ACAP1 results indicated that ACAP1 bound to two distinct re-
gions in the cytoplasmic domain of TfR, with one se-was not significantly altered (Supplemental Figure S1 at
http://www.developmentalcell.com/cgi/content/full/7/ quence containing leucine and phenylalanine (positions
12 and 13) and another sequence containing arginine5/771/DC1/).
In considering an explanation, we hypothesized that and phenylalanine (positions 22 and 23). Significant ab-
rogation of binding only occurred when critical residuesthe full-length cytoplasmic TfR might have an additional
binding site for ACAP1 that was outside of the N19 at both regions were mutated.
We next tested whether the identified sequences inconstruct. Consistent with this hypothesis, a truncation
mutant that lacked the first 19 (N19) residues still TfR functioned as recycling sorting signals. A consider-
ation was that TfR forms homodimers (Goding and Har-bound ACAP1 (Figure 3D). Moreover, as a construct that
lacked the first 31 residues no longer bound ACAP1, we ris, 1981). Thus, to eliminate the possibility of mutant
receptor dimerizing with endogenous wild-type recep-performed alanine-scanning mutagenesis on residues
20 through 30 in the N19 construct and then examined tor, we generated stable cell lines in a TRVb variant of
CHO cells that did not express endogenous TfR (McGrawtheir binding to ACAP1. Residues 22 and 23 were found
critical for binding (Figure 3E). et al., 1987). Another consideration was that TfR could
use two pathways for its recycling, either from the sortingWhen all four identified residues (positions 12, 13, 22,
and 23) were mutated in the context of the full-length endosome or the recycling endosome (Gruenberg,
2001). Thus, we used fluorescence microscopy to exam-form of the TfR cytoplasmic domain, we found that bind-
ing by ACAP1 became markedly impaired (Figure 3F). In ine recycling specifically from the recycling endosome,
as this compartment has a characteristic pericentriolarcontrast, mutating only paired residues had significantly
less effect. Whether the amino terminus of the TfR cyto- distribution in CHO cells (Yamashiro et al., 1984). More-
over, to detect a potential quantitative difference in recy-plasmic domain was free or appended to GST had no
bearing on the observed binding behavior by ACAP1, cling rate between the wild-type and mutant TfR, we
used live-cell imaging.as a similar result was obtained when the cytoplasmic
domain of TfR was appended to the amino terminus of In cells that stably expressed the wild-type TfR, sur-
face Tf internalized to accumulate at the pericentriolarGST (Supplemental Figure S2). Taken together, these
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in its delayed internalization (McGraw et al., 1987), be-
cause these residues represented a sorting signal rec-
ognized by the clathrin AP2 coat complex for internaliza-
tion from the plasma membrane (Ohno et al., 1995).
Significantly, we also noted that the decrease in the
intensity of the pericentriolar Tf for cells that expressed
the mutant TfR at time points after 60 min was signifi-
cantly prolonged (Figure 4B), suggesting that mutant TfR
also exhibited slowed transport from the pericentriolar
recycling endosome. To rule out that this slowed recy-
cling represented transport from another endocytic
compartment, we found that the accumulation of mutant
TfR at the pericentriolar endosome colocalized with ec-
topically expressed ACAP1, as well as Rab11, which is
a well-characterized marker of the recycling endosome
(Figure 4C; Ullrich et al., 1996).
To quantify the reduced recycling behavior of the mu-
tant TfR, we measured the level of Tf at the pericentriolar
compartment at different time points (Figure 4D). From
this plot, we first confirmed that the mutant receptor
was delayed in attaining the maximal level of Tf at the
pericentriolar region by 50 min, as the maximal level
peaked at 10 min for the wild-type receptor and at 60
min for the mutant receptor. Examining time intervals
after this maximal point, which better revealed how Tf
exited from the pericentriolar compartment, we found
that the time interval for half-maximal reduction oc-
curred in 10 min for the wild-type receptor (from 10 toFigure 3. Two Distinct Phenylalanine-Based Sequences in the Cyto-
plasmic Domain of TfR Mediate Its Direct Binding to ACAP1 20 min) and in 80 min for the mutant receptor (from 60
(A) The sequence of the cytoplasmic domain of TfR and the various to 140 min). Thus, the mutant TfR exhibited not only
truncation mutants. delayed arrival to the pericentriolar compartment, but
(B) The first 19 residues of the TfR cytoplasmic domain bind ACAP1. also delayed recycling from this compartment, confirm-
The different truncation forms of TfR as indicated were fused to ing that the sequences in TfR that mediated direct bind-
GST and then gathered onto glutathione beads for incubation with
ing to ACAP1 also represented sorting signals for TfR re-recombinant ACAP1. After the pull-down, beads were analyzed by
cycling.immunoblotting for ACAP1 or Coomassie blue staining to assess
the relative level of GST fusion proteins analyzed. Input indicates
the level of ACAP1 added to the incubation. Discussion
(C) Mutating residues 12 and 13 in a TfR truncation mutant that
contains the first 19 residues abrogates its binding to ACAP1. Ala- Cargo sorting requires the demonstration of two key
nine-scanning mutagenesis was performed to replace two con-
criteria. First, a candidate protein must interact directlysecutive native residues with alanines within the first 19-residue
and specifically with relevant cargo proteins. Second,truncation mutant of TfR. The resulting mutants were analyzed in a
the sequence in the cargo protein targeted by this bind-pull-down assay.
(D) A truncation mutant of TfR that lacks the first 31 residues of the ing must represent a sorting signal that enhances the
cytoplasmic domain does not bind ACAP1. The different truncation transport of the cargo protein from a membrane com-
forms of TfR as indicated were used in a pull-down assay. partment. We have provided evidence that ACAP1 pos-
(E) Mutating residues 22 and 23 in a mutant TfR that lacks the first sesses these functions in promoting the recycling of
19 residues of the cytoplasmic domain abrogates its binding to
TfR, and thus, demonstrated that ACAP1 participatesACAP1. The double point mutants as indicated were generated and
in the cargo sorting.used in a pull-down assay.
Our finding reverses a long-held view that cargo sort-(F) Mutating residues 12, 13, 22, and 23 in the full cytoplasmic
domain of TfR abrogates its binding to ACAP1. Alanine-scanning ing through sorting signals to promote endocytic recy-
mutagenesis was performed to replace native residues as indicated cling is unlikely to exist (Gruenberg, 2001). Notably, the
with alanines within the full cytoplasmic domain of TfR. These TfR two phenylalanine-containing clusters that function as
mutants were then used in a pull-down assay. sorting signals for TfR recycling are quite similar to the
sorting signals that have been identified previously for
TfR internalization (McGraw et al., 1991). Critical resi-
recycling endosome with maximal intensity by 10 min dues that must be mutated to reduce TfR internalization
and then decreased progressively thereafter (Figure 4A). include two phenylalanines at positions 13 and 23, while
In contrast, in cells that stably expressed the mutant TfR we have found that a residue adjacent to each of these
with residues 12, 13, 22, and 23 substituted to alanines, residues must also be mutated, at position 12 (leucine)
internalized Tf accumulated at the pericentriolar recy- and at position 22 (arginine), to achieve significant re-
cling endosome with maximal intensity by 60 min. The duction in binding to ACAP1 and TfR recycling. Thus,
delayed arrival of the mutant receptor to the recycling there seems to be a rather parsimonious use of se-
endosome could be explained by the previous finding quences in TfR for sorting signals that mediate its inter-
nalization and recycling.that mutating a subset of these residues in TfR resulted
Cargo Sorting by ACAP1
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Figure 4. A Full-Length Form of TfR with Res-
idues 12, 13, 22, and 23 in the Cytoplasmic
Domain Substituted for Alanines Exhibits De-
layed Arrival to and Exit from the Pericentrio-
lar Recycling Endosome
(A and B) Tracking of endocytic Tf by live cell
imaging. Wild-type (A) and mutant human TfR
(B) were stably transfected into the TRVb CHO
cells that lack endogenous TfR. Alexa594-
labeled Tf was then bound to the cell surface
and then allowed to internalize for times indi-
cated. Scale bar equals 10 m.
(C) Mutant TfR exits from the recycling endo-
some. TRVb cells that stably expressed mu-
tant TfR were transiently transfected with ei-
ther ACAP1 or GFP-tagged Rab11. Tf was
then bound to cells and allowed to internalize
for 60 min. Cells were permeabilized and then
fixed followed by examination of the mem-
brane bound pool of markers indicated (green)
and internalized Tf (red) by confocal micros-
copy. Only the merge views are shown with
yellow indicating colocalization. Scale bar
equals 10 m.
(D) Quantitation of internalized Tf at the peri-
centriolar recycling endosome. At times indi-
cated, the relative level of Tf at the pericentri-
olar recycling endosome was quantified
relative to the maximal level over time. Four
distinct recycling endosomes were analyzed
and then the mean with standard error are
calculated. Graph is representative of three
independent experiments.
Moreover, the finding that abrogating the binding of mediate endosomal retention (Johnson et al., 2001).
Thus, a plausible explanation is that the cytoplasmicACAP1 to recycling sorting signals in TfR reduces the
domain of TfR contains both sorting and retention sig-efficiency of TfR recycling rather than inducing a com-
nals, and by deleting both, the truncation mutant recy-plete block is reminiscent of the effect of mutating the
cles with similar kinetics as the wild-type form. Futuresorting signals that mediate TfR internalization (McGraw
work will be needed to test this intriguing possibility.et al., 1991). In the latter case, an explanation is sug-
gested by the subsequent revelation that the internaliza-
Experimental Procedurestion pathway is mediated by the clathrin AP2 coat com-
plex and nonclathrin mechanisms (Bonifacino and Glick, Cells, Plasmids, and Transfections
2004). Thus, as we observe a similar quantitative effect HeLa and TRVb cells and their transfectants were cultured as pre-
for TfR recycling, it appears likely that the recycling viously described (Aoe et al., 1997; McGraw et al., 1991).
Antibodies used included: M2 against the FLAG epitope (Sigma,pathway will have similar alternate transport pathways,
St. Louis, MO), 9E10 against the Myc epitope (ATCC, Rockville, MD),with cargo sorting through ACAP1 mediating a more
5E9 against human TfR (from M. Brenner, Brigham and Women’sefficient mechanism of transport and at least another
Hospital, Boston, MA), anti-6xHis (Santa Cruz Biotechnology, Santa
mechanism that mediates a slower transport. Cruz, CA), J151 and J149 against ACAP1 and ACAP2, respectively
A seeming paradox to the identification of recycling (Jackson et al., 2000), anti-MPR (from W. Brown, Cornell University,
Ithaca, NY), anti-Lamp1 (from M. Fukuda, Cancer Research Founda-sorting signals in TfR is the previous observation that
tion, La Jolla, CA), anti-giantin (from M. Renz, Institute of Immunol-a truncated TfR lacking virtually its entire cytoplasmic
ogy and Molecular Genetics, Karlsruhe, Germany), and secondarydomain recycles with similar kinetics as the wild-type
antibodies conjugated to Cy2 or Cy3 (Jackson Immunoresearch
form (Johnson et al., 1993). This finding has been viewed Laboratories, West Grove, PA). An anti-peptide antibody against
as further evidence in support of the current view that Cbv was generated by immunizing rabbits with the cytoplasmic
domain of Cbv fused to the amino terminus of GST (Covance, Den-recycling sorting signals are unlikely to exist, as such
ver, PA). An antibody against the whole protein of ACAP1 was gener-signals can only reside in the cytoplasmic domain of
ated by immunizing rabbits with the full-length recombinant ACAP1cargo proteins for interaction with trans-acting factors
(Proteintech, Chicago, IL). Alexa488- and Alexa594-conjugated Tf
for cargo sorting. One potential reconciliatory explana- were obtained (Molecular Probes, Eugene, OR).
tion is suggested by the finding that recycling proteins Plasmids used included: Flag-tagged ACAP1 and ACAP2 (Jack-
son et al., 2000), Myc-tagged PAP (from P. Randazzo, NIH,can possess sequences in the cytoplasmic domain that
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Bethesda, MD), and GFP-tagged Rab11 (B. Goud, Institute Curie, Bonifacino, J.S., and Glick, B.S. (2004). The mechanisms of vesicle
budding and fusion. Cell 116, 153–166.Paris, France). Truncation mutants of TfR cytoplasmic domain were
also generated by PCR, while point mutants were generated using Brummelkamp, T.R., Bernards, R., and Agami, R. (2002). A system
QuikChange XL Site-Directed Mutagenesis (Strategene, La Jolla, for stable expression of short interfering RNAs in mammalian cells.
CA). To generate siRNA against ACAP1, nucleotides 265–283 (from Science 296, 550–553.
the starting codon) of ACAP1 was targeted as described (Brummel- Donaldson, J.G., and Jackson, C.L. (2000). Regulators and effectors
kamp et al., 2002) to generate 64-base complementary oligonucleo- of the ARF GTPases. Curr. Opin. Cell Biol. 12, 475–482.
tides (Integrated DNA Technology, Coralville, IA) with ends stag-
D’Souza-Schorey, C., Li, G., Colombo, M.I., and Stahl, P.D. (1995). Agered to form Bgl II and Hind III restriction sites when annealed for
regulatory role for ARF6 in receptor-mediated endocytosis. Sciencesubsequent subcloning into the pSUPER plasmid.
267, 1175–1178.Transient transfections were performed using Fugene 6 (Roche
Goding, J.W., and Harris, A.W. (1981). Subunit structure of cell sur-Biochemicals, Indianapolis, IN). Stable cell lines were generated by
face proteins: disulfide bonding in antigen receptors, Ly-2/3 anti-selection in 1 mg/ml of G418 (Life Technologies, Inc., Gaithers-
gens, and transferrin receptors of murine T and B lymphocytes.burg, MD).
Proc. Natl. Acad. Sci. USA 78, 4530–4534.
Gruenberg, J. (2001). The endocytic pathway: a mosaic of domains.Microscopy Techniques
Nat. Rev. Mol. Cell Biol. 2, 721–730.Uptake and recycling of TfR were performed as previously described
Jackson, T.R., Brown, F.D., Nie, Z., Miura, K., Foroni, L., Sun, J.,(Johnson et al., 2001). Colocalization studies were performed using
Hsu, V.W., Donaldson, J.G., and Randazzo, P.A. (2000). ACAPs arelaser confocal microscopy with the Nikon C1 confocal system and
Arf6 GTPase-activating proteins that function in the cell periphery.the TE2000 inverted microscope with the 60 objective (Nikon In-
J. Cell Biol. 151, 627–638.struments, Melville, NY).
Live cell imaging was performed by plating cells onto glass-bot- Johnson, L.S., Dunn, K.W., Pytowski, B., and McGraw, T.E. (1993).
tom microwell dishes (MatTek corporation, Ashland, MA) and then Endosome acidification and receptor trafficking: bafilomycin A1
slows receptor externalization by a mechanism involving the recep-mounting onto the stage of a Zeiss Axiovert 200M microscope (ther-
tor’s internalization motif. Mol. Biol. Cell 4, 1251–1266.mostatically maintained at 37C). Images were received into a digital
camera (Photometrics CoolSNAP HQ) followed by data processing Johnson, A.O., Lampson, M.A., and McGraw, T.E. (2001). A di-leu-
using softwares SlideBook (Intelligent Imaging Innovations) and cine sequence and a cluster of acidic amino acids are required
Photoshop (Adobe). The quantified level of Tf at different time points for dynamic retention in the endosomal recycling compartment of
was then expressed as a percentage of the maximal level, which fibroblasts. Mol. Biol. Cell 12, 367–381.
was at 10 min for the wild-type TfR and at 60 min for the mutant TfR. Kuehn, M.J., Herrmann, J.M., and Schekman, R. (1998). COPII-cargo
interactions direct protein sorting into ER-derived transport vesicles.
Interaction Assays Nature 391, 187–190.
Coprecipitation studies using whole-cell lysates were performed as Maxfield, F.R., and McGraw, T.E. (2004). Endocytic recycling. Nat.
previously described (Aoe et al., 1997). Pull-down assays using GST Rev. Mol. Cell Biol. 5, 121–132.
fusion proteins were performed as previously described (Yang et McGraw, T.E., Greenfield, L., and Maxfield, F.R. (1987). Functional
al., 2002). expression of the human transferrin receptor cDNA in Chinese ham-
To append the cytoplasmic domain of cargo proteins to the car- ster ovary cells deficient in endogenous transferrin receptor. J. Cell
boxy terminus of GST, the cDNA encoding different domains was Biol. 105, 207–214.
amplified by PCR and then subcloned into the BamH1 and EcoRI
McGraw, T.E., Pytowski, B., Arzt, J., and Ferrone, C. (1991). Muta-sites of pGEX-4T-3 vector (Amersham Pharmacia Biotech, Piscata-
genesis of the human transferrin receptor: two cytoplasmic phenyl-way, NJ). To append the cytoplasmic domain of cargo proteins to
alanines are required for efficient internalization and a second-sitethe amino terminus of GST, the different truncation mutants were
mutation is capable of reverting an internalization-defective pheno-subcloned into the NcoI and Sac I sites of pETGEXCT vector (from
type. J. Cell Biol. 112, 853–861.R. Schekman, University of California, Berkeley, CA). GST fusion
Mellman, I. (2000). Quo vadis: polarized membrane recycling in mo-proteins were purified using glutathione-Sepharose beads (Amer-
tility and phagocytosis. J. Cell Biol. 149, 529–530.sham Pharmacia Biotech). Recombinant ARF6 GAPs were gener-
ated by infecting Sf9 cells with recombinant baculovirus that express Ohno, H., Stewart, J., Fournier, M.-C., Bosshart, H., Rhee, I., Miya-
take, S., Saito, T., Galluser, A., Kirchhausen, T., and Bonifacino, J.S.6xHis-tagged ACAP1, ACAP2, or PAP followed by their purification
(1995). Interaction of tyrosine-based signals with clathrin-associ-as previously described (Vitale et al., 2000).
ated proteins. Science 269, 1872–1875.
Peters, P.J., Hsu, V.W., Ooi, C.E., Finazzi, D., Teal, S.B., Oorschot,Acknowledgments
V., Donaldson, J.G., and Klausner, R.D. (1995). Overexpression of
wild-type and mutant ARF1 and ARF6: distinct perturbations of non-We thank Stella Lee and Jia-Shu Yang for advice and discussions
overlapping membrane compartments. J. Cell Biol. 128, 1003–1017.and Tim McGraw and Paul Randazzo for critical comments on the
manuscript. This work was funded in part by grants to V.W.H. (Ameri- Randazzo, P.A., Nie, Z., Miura, K., and Hsu, V.W. (2000). Molecular
can Heart Association and the Massachusetts Department of Public aspects of the cellular activities of ADP-ribosylation factors. Sci.
Health), J.L. (Department of Defense Breast Cancer Research Pro- STKE 59, RE1.
gram), R.T.P. (National Institutes of Health and American Heart Asso- Ullrich, O., Reinsch, S., Urbe, S., Zerial, M., and Parton, R.G. (1996).
ciation), S.B. (Canadian Institutes of Health Research), and P.J.P. Rab11 regulates recycling through the pericentriolar recycling endo-
(Netherlands Cancer Institute). some. J. Cell Biol. 135, 913–924.
Vitale, N., Patton, W.A., Moss, J., Vaughan, M., Lefkowitz, R.J., and
Received: September 5, 2003 Premont, R.T. (2000). GIT proteins, a novel family of phosphatidylino-
Revised: June 14, 2004 sitol 3,4, 5-trisphosphate-stimulated GTPase-activating proteins for
Accepted: September 21, 2004 ARF6. J. Biol. Chem. 275, 13901–13906.
Published: November 8, 2004 Yamashiro, D.J., Tycko, B., Fluss, S.R., and Maxfield, F.R. (1984).
Segregation of transferrin to a mildly acidic (pH 6.5) para-Golgi
compartment in the recycling pathway. Cell 37, 789–800.References
Yang, J.S., Lee, S.Y., Gao, M., Bourgoin, S., Randazzo, P.A., Pre-
Aoe, T., Cukierman, E., Lee, A., Cassel, D., Peters, P.J., and Hsu, mont, R.T., and Hsu, V.W. (2002). ARFGAP1 promotes the formation
V.W. (1997). The KDEL receptor, ERD2, regulates intracellular traffic of COPI vesicles, suggesting function as a component of the coat.
by recruiting a GTPase-activating protein for ARF1. EMBO J. 16, J. Cell Biol. 159, 69–78.
7305–7316.
